The co-abuse of marijuana with cocaine is widespread, but it has not been until recently that the relationship between the behavioral effects of cannabinoids and cocaine has begun to be unveiled in animal models. Male Wistar rats were trained to intravenously selfadminister cocaine until a stable baseline was reached. Rats then were subjected to a 5-day cocaine deprivation period during which they were treated daily with the cannabinoid receptor agonist WIN 55,212-2 (R-( + )-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone mesylate) (0, 0.3, 1, and 3 mg/kg; i.p.). Following this subchronic treatment, rats were tested, in counterbalanced order, in a test of anxiety (elevated plus-maze), as well as extinction and cue-induced reinstatement tests, the latter conducted according to a between-within procedure. Subchronic administration of WIN 55,212-2 was found to produce dose-dependent alterations of performance in the extinction, reinstatement, and anxiety tests with the lowest dose of WIN 55,212-2 producing the highest resistance to extinction and reinstatement, and the highest dose of WIN 55,212-2 producing the highest anxiolytic activity. Subchronic treatment with WIN 55,212-2 in rats without a history of cocaine self-administration did not affect anxiety levels. The results suggest an important role of the cannabinoid system in neuronal processes underlying cocaine seeking behavior. However, further studies will be necessary to understand possible implications of these findings for a role of the cannabinoid system as a treatment target for human cocaine abuse.
INTRODUCTION
Cannabis represents the most widely used illicit drug and its co-abuse with cocaine has been identified as highly popular among drug users. It is thought that cannabis not only potentiates the positive effects of cocaine (by increasing its duration), but also diminishes the dysphoria associated with cocaine's unpleasant effects, particularly those experienced during the cocaine 'crash' syndrome (Lukas et al, 1994) . Indeed, it is known that cannabis-induced vasodilation of the nasal mucosa attenuates the vasoconstrictive effects of cocaine increasing its absorption (Foltin et al, 1993) . At the same time, cocaine produces a number of negative symptoms including anxiety, depression, anergia, insomnia, drug craving, and dysphoria (Koob and Le Moal, 2006) , conditions that may be ameliorated by cannabis.
The endocannabinoid system, which mediates the effects of exogenous cannabionoids, plays an important role in multiple physiological and behavioral processes (Freund et al, 2003; Marx, 2006) , including the regulation of emotional states (Witkin et al, 2005) such as anxiety , the mediation of the reinforcing effects of depressants (ie, heroin, morphine and alcohol) and nicotine (Maldonado et al, 2006) and the modulation of drug-seeking in animal models of relapse (Lopez-Moreno et al, 2004; De Vries and Schoffelmeer, 2005) .
The role of the endocannabinoid system in the neurobehavioral effects of cocaine appears to be different compared to its role on other drugs of abuse such as depressants and nicotine (González et al, 2002a, b; Maldonado et al, 2006) . Studies utilizing pharmacological antagonism of CB1 receptors or CB1 deletion in knockout mice have failed to implicate endogenous cannabinoids in either the primary reinforcing actions of cocaine or cocaine-induced behavioral sensitization (Arnold et al, 1998; Ferrari et al, 1999; Martin et al, 2000; Cossu et al, 2001 ; Lesscher et al, 2004; Soria et al, 2005) . However, a CB1 cannabinoid receptor agonist, WIN 55,212-2, has been shown to decrease intravenous cocaine self-administration in rats at low doses (Fattore et al, 1999) . Furthermore, WIN 55,212-2 is selfadministered by mice at low doses (Martellotta et al, 1998) . According to the unit dose-response model (Caine et al, 1993) , low doses of WIN 55,212-2 may decrease cocaine selfadministration in a manner similar to increasing the unit dose of cocaine. Although the role of the endocannabinoid system in the acute reinforcing effects remains unclear, there is growing evidence for a participation of CB1 receptor in the motivation to cocaine-seeking in a progressive ratio schedule (Soria et al, 2005) and in the reinstatement of cocaine-seeking by exposure to cocaineassociated environmental stimuli or cocaine itself (De Vries and Schoffelmeer, 2005; Arnold, 2005) . Although the potent cannabinoid receptor agonist HU-210 produced reinstatement of cocaine-seeking following long-term extinction, blockade of CB1 receptors by the antagonist SR141716A attenuated reinstatement induced by cocaine cues or cocaine priming, but not reinstatement induced by stress (De Vries et al, 2001) .
Cocaine is not only euphorigenic, but also can produce anxiety in humans and anxiety-like behavioral effects in animals (Blanchard and Blanchard, 1999; Ettenberg, 2004) following both acute and chronic administration (Yang et al, 1992) as well as during cocaine withdrawal (Wood and Lal, 1987) . In addition, cocaine-associated cues were shown to produce anxiety-like behavior in rats after systemic administration of cocaine (DeVries and Pert, 1998) . Similarly, increases in subjective anxiety and negative affect were recently observed in association with stress-induced and drug cue-induced craving in cocaine addicts (Sinha et al, 2000 (Sinha et al, , 2003 . Interestingly, activation of CB1 receptors seems to attenuate the anxiogenic or stressful aspects of cocaine's actions. For example, anxiogenic effects associated with either single or repeated doses of cocaine in mice were attenuated by the CB1 agonists, CP 55,940, anandamide, 2-arachidonylglycerol, N-arachidonyldopamine, and noladin ether (Hayase et al, 2005) . Moreover, recent cannabis use has been found to decrease stress-induced blood oxygen level-dependent (BOLD) signals in the frontal and cingulate cortices of cocaine dependent individuals (Li et al, 2005) . Although it is well-documented that acute administration of CB1 agonists, at low doses, may induce anxiolysis, whereas higher doses result in anxiety-like behavior Valverde, 2005; Viveros et al, 2005) , the direction in which emotional responses are modulated by repeated or chronic administration of cannabinoid agonists still remains to be elucidated.
The purpose of this study was to investigate the effects of subchronic treatment with the cannabinoid agonist WIN 55,212-2Fconducted during abstinence from daily cocaine self-administration in ratsFon subsequent motivational measures of cocaine-seeking, including resistance to extinction and conditioned reinstatement, as well as anxiety-like behavior in the elevated plus-maze. It was hypothesized that subchronic treatment with the cannabinoid agonist WIN 55,212-2 will alter cocaine seeking behaviour in extinction and conditioned reinstatement tests and that the direction of changes in cocaine-seeking behavior will be linked to the direction of changes in anxiety-like behaviour as measured on the elevated plus-maze.
MATERIALS AND METHODS

Animals
Male Wistar rats (Charles River) weighing 200-250 g at the beginning of the experiments were housed in groups of three on a 12 h reverse light/dark cycle (lights off at 0800 h). Experimental sessions were carried out during the dark phase of the day/night cycle. All procedures were conducted in strict adherence to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Drugs
Cocaine hydrochloride (National Institute on Drug Abuse, Bethesda, MD) was dissolved in physiological saline. WIN 55,212-2 (Sigma) was dissolved in a solution consisting of ethanol, emulphor, and saline in a 1 : 1 : 18 ratio and injected i.p. at a volume of 1 ml/kg.
Surgery
Rats were anesthetized with isoflurane (1.0-1.5%), prepared surgically with chronic silastic catheters in the right jugular vein as described previously (Caine et al, 1993) and allowed at least 5 days to recover. Catheter patency was maintained by flushing with 0.1 ml of sterile heparine/saline (33.3 USP U/ml) solution before and after each self-administration session. Catheter patency was tested whenever responses differed from the baseline, by infusing 0.1 ml of Brevital s sodium through the catheter. Animals with intact catheters showed a rapid loss of muscle tone within 3 s after the infusion. Animals not showing this response (ie, with compromised catheters) were removed from the experiment.
Apparatus
Self-administration apparatus. Rats were trained and tested in standard operant conditioning chambers located inside ventilated sound attenuating cubicles (BRS/LVE Inc., Laurel, MD). The chambers were equipped with two retractable levers, a white cue light above each lever, and a house light located at the top of the chamber's front panel. The chambers were equipped also with a 80 O speaker located in the center of the chamber's front panel below the house light for presentation of a white noise (70 db) stimulus. Intravenous infusions were administered by a syringe pump (Razel Scientific Instruments, Stamford, CT) located outside the sound attenuating boxes. Testing equipment and data collection were controlled by an IBM-compatible microcomputer.
Elevated plus maze apparatus. The elevated plus maze apparatus consisted of four arms (50 cm long Â 10 cm wide). The two enclosed arms had 40 cm high dark walls, whereas the two open arms had 0.5 cm high ledges. Lighting on the open arm was 1.5-2.0 lux. The maze was elevated to a height of 50 cm. White noise (70 dB) was present throughout habituation and testing.
Procedures
Operant self-administration. Rats were food restricted (for 24 h the first day and from the second day on, fed 15 g of standard rodent chow per day) and trained on a fixed-ratio (FR) schedule of food reinforcement. Responding on an FR1 schedule resulted in delivery of one food pellet (45 mg, Research Diets). Once rats had earned 100 pellets, they were returned to ad libitum feeding and catheters were implanted. Following post-operative recovery, rats were allowed to selfadminister cocaine on the right lever at a dose of 0.25 mg/ infusion (delivered at a volume of 0.1 ml infused over 4 s) under a FR1 schedule for 2 h. Each reinforced response was followed by a compound stimulus, consisting of illumination of the white cue light above the right lever for 20 s and presentation of white noise for 5 s. In order to avoid accidental overdosing the lever remained inactive for 20 s following every infusion. Responses at the inactive lever were recorded but had no programmed consequences.
Self-administration sessions continued until animals reached an acquisition criterion (710% of mean active lever presses over three consecutive sessions). Once rats developed stable cocaine intake, daily self-administration sessions were discontinued (ie, rats were cocaine deprived) and the animals were treated with the cannabinoid agonist WIN 55,212-2 (veh, 0.3, 1, and 3 mg/kg; i.p.; n ¼ 7-8 per group) for 5 days. Following this subchronic treatment, rats were tested in extinction/reinstatement tests and a test of anxiety-like behavior (ie, the elevated plus-maze). The extinction/reinstatement tests and elevated plus-maze tests were conducted in counterbalanced order on days 6 and 7 of cocaine deprivation.
Extinction and cue-induced reinstatement procedures. Cocaine seeking behavior was evaluated according to a between-within reinstatement procedure (for review, see Shaham et al, 2003) . Thus, the extinction and cue-induced reinstatement tests were conducted on the same day. During the extinction period, responses at the previously active lever had no scheduled consequences. Immediately following completion of 2 h of extinction testing, 2 h conditioned reinstatement tests began under contingencies identical to those in effect during the self-administration phase except that lever presses did not result in cocaine delivery.
Elevated plus-maze procedure. Two separate groups of rats, having received the same subchronic treatment with WIN 55,212-2 were tested. One group, the same rats as above, was tested following cocaine self-administration and WIN 55,212-2 treatment during abstinence. Rats in the other group were not subjected to cocaine self-administration and served as cocaine-naïve controls. Rats were placed individually onto the center of the apparatus facing one of the open arms. Plus-maze behavior was recorded by video camera interfaced with a monitor and a VCR in an adjacent room. % Time spent in the open arms/(% time in open arms + % time in the closed arms) and number of entries into the closed arm were analysed. In addition, the number of closed arm entries was evaluated to provide a measure of locomotor activity (Cruz et al, 1994) .
Statistical Analysis
The data are presented as mean7SEM. Extinction, reinstatement, and elevated plus maze data were separately analysed by one-way between subjects analysis of variance (ANOVA). After confirmation of significant main effects by ANOVA (po0.05), Tukey HSD post hoc tests were employed to verify significant differences among individual groups.
RESULTS
Extinction and Cue-Induced Reinstatement Tests
A main effect of treatment was observed in responding at the active lever between the different groups during extinction (F 3,28 ¼ 3.53; po0.05). The effect of subchronic WIN 55,212-2 was dose-dependent, with the lowest dose producing the highest responding at the previously active lever during extinction. Subsequent Tukey HSD post hoc test revealed significant differences in responding at the active lever (po0.05) between the lowest (0.3 mg/kg) and the highest dose (3 mg/kg) of subchronic WIN 55,212-2 but there was no significant difference in responding between rats subchronically treated with WIN 55,212-2 and vehicle controls. Responding at the inactive lever was negligible and not altered (F 3,28 ¼ 1.19; p ¼ 0.34; NS) by subchronic WIN 55,212-2 (Figure 1) .
A main effect of treatment was observed in responding at the active lever between the different groups during conditioned reinstatement (F 3,28 ¼ 5.28; po0.01). Similar to its effects on extinction, subchronic treatment with WIN 55,212-2 modified reinstatement responses in a dosedependent manner, with the lowest dose producing the highest level of responding at the active lever. The increase in responding with the lowest dose not only was higher than that seen with the highest dose of subchronic WIN 55,212-2 but as well as compared with vehicle (*po0.05 vs vehicle, **po0.01 vs 3 mg/kg). Responding at the inactive lever was negligible and not altered ( 
Elevated Plus-Maze Test
We examined whether the ability of a subchronic treatment with WIN 55,212-2 to alter drug seeking behavior in the extinction and cue-induced reinstatement tests is associated with modulation of anxiety-like behavior.
In rats with a history of cocaine self-administration (n ¼ 7-8 per group) statistical analysis revealed a main Figure 1 Lever-press responses during extinction at an active and inactive lever. Rats subchronically pretreated with the lowest dose of WIN 55,212-2 showed the highest responding at the active lever (ie, higher resistance) to extinction. Data represents mean7SEM responses for N ¼ 7-8 per group. *po0.05 vs 3 mg/kg (Tukey HSD post hoc test). 
DISCUSSION
The major finding was that subchronic treatment with the cannabinoid agonist WIN 55,212-2 during a period of abstinence following intravenous cocaine self-administration results in a dose-dependent modification of cocaineseeking behavior in extinction and conditioned reinstatement tests and produces anxiolytic-like effects as measured by the elevated plus-maze test. The direction of these dose-dependent modulations was inverted. Although subchronic pretreatment with the lowest dose of WIN 55,212-2 produced the greatest resistance to extinction and reinstatement, the highest dose of WIN 55,212-2 was associated with the greatest anxiolytic-like effect without significantly affecting motor activity, as inferred by the absence of differences between WIN 55,212-2-treated rats and vehicle controls in either the number of entries into the closed arm of the elevated-plus maze or in the number of responses at the inactive lever in the extinction and reinstatement tests.
To our knowledge, this is the first study demonstrating effects of subchronic cannabinoid agonist treatment implemented during forced abstinence from daily cocaine self-administration on extinction of cocaine-reinforced behavior. The modification of resistance to extinction and cue-induced reinstatement following subchronic cannabinoid agonist treatment observed here confirms a role of the cannabinoid system in cocaine-seeking and vulnerability to relapse. In this context, it should be pointed out the subchronic WIN 55,212-2 pretreatment across doses altered Figure 2 Lever-press responses during cue-induced reinstatement at the previously active and inactive lever. The lowest dose of subchronic WIN 55,212-2 produced the highest responding at the active lever during conditioned-reinstatement. Data represent mean7SEM responses for N ¼ 7-8 per group. *po0.05 vs vehicle, **po0.01 vs 3 mg/kg (Tukey HSD post hoc test). resistance to extinction and reinstatement in the same direction, consistent with existing evidence that resistance to extinction predicts cue-induced reinstatement (Shaham et al, 2003) . Cocaine has been reported to produce anxiety in humans and anxiogenic-like behavioral effects in animals (Blanchard and Blanchard, 1999; Ettenberg, 2004) . These effects are associated with both acute and chronic administration of the drug (Yang et al, 1992) and cocaine withdrawal (Wood and Lal, 1987) . Importantly, cues associated with repeated cocaine treatment can elicit anxiety-like behavior in the absence of the drug (DeVries and Pert, 1998) . Drug cues also can induce both cocaine craving and anxiety, paired with activation of the hypothalamic-pituitary-adrenal axis (Sinha et al, 2003) , suggesting that overlap exists between neural substrates controlling craving evoked by drug cues and stress (Sinha et al, 2000; Weiss, 2005) . Finally, the anxiogenic effects of cocaine can be attenuated by CB1 agonists (Hayase et al, 2005) . Considering this evidence, one may speculate that the anxiolytic consequences of subchronic treatment with the highest dose of WIN 55,212-2 in the elevated plus maze test may have contributed to the attenuation of anxiogenic effects exerted by environmental cues during the extinction and cue reinstatement tests. Biphasic dose-effect curves for the behavioral effects of cannabinoids have been reported previously (Chaperon and Thiebot, 1999) . Consistent with this dose-response profile, the lowest dose of subchronic WIN 55,212-2 provoked the greatest resistance to extinction and reinstatement while at the same time producing the highest anxiety-like response in the elevated plus maze. Hypersensitization to drug and drug-associated stimuli due to neuroadaptations is a crucial factor in relapse (Robinson and Berridge, 2001) . To date, behavioral cross-sensitization between cocaine and cannabinoids and CB1 participation in psychomotor sensitization to cocaine have not yet been demonstrated (Arnold, 2005) . However, it cannot be fully ruled out that an enhanced response (sensitization) to the incentive actions of the cocaine cues contributed to the increased cocaine-seeking response in rats treated with the lowest dose of subchronic WIN 55,212-2.
Controversial data exist concerning the ability of cannabinoids to modulate emotional states such as anxiety. Both anxiolytic-and anxiogenic-like effects have been reported with both enhancers and blockers of endocannabinoid neurotransmission (Witkin et al, 2005) . Although it is well documented that acute administration of CB1 agonists induce anxiolytic effects at low doses and anxiety-like behavior at high doses Valverde, 2005; Viveros et al, 2005) , the modulation of emotional responses by repeated administration of cannabinoid agonists, as in the present study, still remains to be systematically elucidated. It is interesting to note that the subchronic treatment with WIN 55,212-2 did not affect anxiety levels in the elevated plus-maze test in rats without a history of cocaine self-administration, but had dosedependent anxiolytic-like consequences in rats with a history of self-administration. A very recent report indicates that, in mice, acute administration of WIN 55,212-2 produces anxiolytic effects on the elevated plus-maze only at low doses (Patel and Hillard, 2006) . Although slight spontaneous withdrawal signs (wet-dog shakes and facial rubs) have been reported 24 h after a 4-day treatment period with an intermediate dose of WIN 55,212-2 (Aceto et al, 2001) , chronic treatment with the agonist HU-210 did not alter behavior on the elevated plus-maze (Hill and Gorzalka, 2006) . The finding that subchronic WIN 55,212-2 pretreatment produced anxiolytic effects only in rats with a history of cocaine self-administration suggests a specific link between the consequences of chronic cocaine exposure and endocannabinoid function in the modulation of susceptibility to anxiety.
The present data provide no direct insight into the neural mechanisms by which subchronic WIN 55,212-2 produced the behavioral changes observed. The alterations in cocaineseeking and anxiety-like behavior may have been the result of CB1 cannabinoid receptor activation. However, modulation of neural systems other than cannabinoid receptors by subchronic WIN 55,212-2 may also be responsible to a certain extent for these results. For example, WIN 55,212-2 and other agents acting at the CB1 receptor interact with GABA A receptors, the corticotrophin-releasing factor, cholecystokinin, endogenous opioid, and serotonergic systems (Viveros et al, 2005) . Interestingly, the hypothalamic-pituitary-adrenal axis may have a common role in anxiety-related responses (Sinha et al, 2003) , cue-induced reinstatement of extinguished cocaine seeking (Goeders and Clampitt, 2002) , and behavioral effects of cannabinoids (Rodriguez de Fonseca et al, 1997) . In this line, recent studies have shown that chronic cocaine exposure decreased the levels of CB1 receptor mRNA in the ventromedial hypothalamic nucleus (González et al, 2002b) , which forms part of the hypothalamic-pituitary-adrenal axis, and that orexin neurons in the lateral hypothalamus, probably by a regulatory role of the endocannabinoid system (Hilairet et al, 2003) , became activated by cues associated with cocaine and altered relapse (Harris et al, 2005) . Future research will be needed to confirm this suspicion and to elucidate the role of these neural substrates in the neurobiological effects produced by pharmacological manipulation of the cannabinoid system.
In conclusion, the present findings indicate that subchronic treatment with the cannabinoid agonist WIN 55212-2 alters, in a biphasic and dose-sensitive fashion, cocaine seeking behavior in extinction and cue-induced reinstatement tests in association with modulation of anxiety-like behavior. The direction of changes in cocaine-seeking, inversely linked to the direction of changes in anxiety-like behavior as measured on the elevated plus maze, suggests an important role of the endocannabinoid system in the vulnerability to relapse. The anxiolytic effects of subchronic treatment with the highest dose of WIN 55,212-2, only shown in the group with a history of cocaine selfadministration, is suggestive of a specific link between the consequences of chronic cocaine exposure and endocannabinoid function in the modulation of susceptibility to anxiety. By contrast, the high resistance to extinction and enhanced reinstatement produced by subchronic treatment with the lowest dose of WIN 55,212-2 suggests that cannabinoid antagonists may prove to offer treatment promise for craving and relapse prevention. However, further research will be required to understand the precise implications of these findings with respect to the treatment target potential of the cannabinoid system.
